Purdue University

Purdue e-Pubs
International Refrigeration and Air Conditioning
Conference

School of Mechanical Engineering

2016

Experimental Investigations Of Propane
Minichannel Condenser And Evaporator
Dariusz Butrymowicz
Bialystok University of Technology, Wiejska 45C, Bialystok, 15-351, Poland, d.butrymowicz@pb.edu.pl

Jerzy Gagan
Bialystok University of Technology, Wiejska 45C, Bialystok, 15-351, Poland, j.gagan@pb.edu.pl

Teodor Skiepko
Bialystok University of Technology, Wiejska 45C, Bialystok, 15-351, Poland, t.skiepko@pb.edu.pl

Adam Dudar
Bialystok University of Technology, Wiejska 45C, Bialystok, 15-351, Poland, a.dudar@pb.edu.pl

Michal ?ukaszuk
Bialystok University of Technology, Wiejska 45C, Bialystok, 15-351, Poland, m.lukaszuk@pb.edu.pl
See next page for additional authors

Follow this and additional works at: http://docs.lib.purdue.edu/iracc
Butrymowicz, Dariusz; Gagan, Jerzy; Skiepko, Teodor; Dudar, Adam; ?ukaszuk, Michal; and Smierciew, Kamil, "Experimental
Investigations Of Propane Minichannel Condenser And Evaporator" (2016). International Refrigeration and Air Conditioning
Conference. Paper 1831.
http://docs.lib.purdue.edu/iracc/1831

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.
Complete proceedings may be acquired in print and on CD-ROM directly from the Ray W. Herrick Laboratories at https://engineering.purdue.edu/
Herrick/Events/orderlit.html

Authors

Dariusz Butrymowicz, Jerzy Gagan, Teodor Skiepko, Adam Dudar, Michal ?ukaszuk, and Kamil Smierciew

This conference paper is available at Purdue e-Pubs: http://docs.lib.purdue.edu/iracc/1831

2672, Page 1

Experimental Investigations of Propane Minichannel Condenser and Evaporator
Dariusz BUTRYMOWICZ*, Jerzy GAGAN, Teodor SKIEPKO, Adam DUDAR,
Michał ŁUKASZUK, Kamil ŚMIERCIEW
1

Bialystok University of Technology,
Wiejska 45C, Bialystok, 15-351, Poland
d.butrymowicz@pb.edu.pl
* Corresponding Author

ABSTRACT
This paper presents the results of experimental investigations of the exemplary mini-channel heat exchanger
working as a condenser and evaporator in a compressor refrigeration system with propane as a working fluid. The
aim of the investigations is to measure the mean heat transfer coefficient for refrigerant side for the operating range
of the tested heat exchanger. The average heat transfer coefficient as well as pressure drop for the case of operation
of tested heat exchanger as a evaporator and condenser are presented. The heat transfer coefficient was calculated by
means of separated thermal resistance method. The experiments confirmed the increase of heat transfer coefficient
with the increase of refrigerant mass flow rate for the tested mini-channel heat exchanger. The experiments were
carried out for various mass velocities of refrigerant. Dimensionless correlation was proposed for pressure drop for
the case of operation of the minichannel heat exchanger as a condenser and evaporator.

1. INTRODUCTION
The use of mini-channel heat exchangers in stationary refrigeration systems is not yet very common. It must be
taken into account that this type of heat exchangers allows for the achievement of high heat transfer coefficients at
high compactness and volumetric thermal capacity, Cavallini et al. (2013), Del Col et al. (2014). Thus they provide
a way to minimize charge of the system with refrigerant which is especially important in the case of systems where
hydrocarbons are used. The paper presents the results of the own experimental investigations of an exemplary case
of the mini-channel heat exchanger operating as a condenser and an evaporator in a propane refrigeration system.
The aim of the investigations was to measure the mean heat transfer coefficient for the whole operating range of the
heat exchanger. The tests involved the air-cooled condenser applied in the tested refrigeration system and air cooler.

2. TEST APPARATUS AND PROCEDURE MEASUREMENT INTRODUCTION
The diagram of the test stand equipped with the mini-channel heat exchanger is presented in Fig. 1. The view of the
tested heat exchanger and the test stand are presented in Fig. 2.
The heat exchanger is made of aluminum 25×2 mm tubes with 13 mini-channels inside each one. The details of the
heat exchanger geometry and the section of the tube are presented in Fig. 3. The ends of the tubes are connected
with collectors so that they make four sections, made up (following the flow direction) of 33, 24, 14 and 6 tubes,
respectively. On the air side between the tubes there are 9 mm high louver fins at the horizontal distance of 3 mm.
Heat transfer at the air side is additionally intensified by the appropriate shape of the louver fins.
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Figure 1. Schematic diagram of the testing stand (for the case of the investigations of the tested heat exchanger as a
condenser): SP – compressor; OO – oil separator; ZB – safety valve; SB – tested heat exchanger; ZC – liquid vessel;
ZE – electromagnetic valve; MC– mass flow meter; ZR1 – electronic throttling valve; PR – evaporator.
a)
b)

Figure 2. Testing stand: a) overall view; b) tested minichannel heat exchanger.

Figure 3. Tested minichannel heat exchanger details:
a) louver fins at the cooling air side; b) minichannel pipe section dimensions [mm].
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Table 1: Minichannel heat exchanger parameters.
Parameter
Value
length/height/width

800/855/25 mm

pipe diameter

25/2/0.33

nominal thermal capacity

16.4 kW

volume

6.7 dm3
air side

inlet/outlet temperatures 35.0 C /41.8C
volumetric flow rate

2.1 m3/s

pressure drop

49 Pa

refrigerant side
condensation pressure

15.4 bar

liquid subcooling

8.0 K

mass flow rate

180 kg/h

pressure drop

0.073 bar

number of sections

4

The cooling system operating with propane and the air tunnel were equipped thoroughly enough for measuring the
basic thermodynamic parameters at the characteristic points of the system according to the standards: PN-EN
305:2001, PN-EN 306:2001, and PN-EN 327:2002. The applied sensors and transducers allow for the measurement
of temperature, pressure, differential pressure, mass flow rate of refrigerant as well as the relative air humidity.
The data recording system includes two subsystems. The first of them, based on the cRIO modular system, was used
to measure the quantities to control and protect the operation of the refrigeration system and to control the actuators
such as pumps, fans in the wind tunnel and glycol cooler. The other subsystem, based on the SCXI, is applied for the
measurement of the rest quantities, especially that which were connected with tests of the heat exchanger. The
system SCXI was applied for data acquisition is made up of the following elements:
• system controller card SCXI - NI PCI-6229;
• 4-slot Chassis - SCXI-1000;
• 32-channel thermal elements amplifier - SCXI-1102 (2 pcs);
• 16-channel RTD module - SCXI-1503 (1 pc);
• 32-channel current voltage amplifier - SCXI-1308 (1 pc).
The measurement modules of the type SCXI-1102 were applied to measure the distribution of temperature in two
cross sections in the wind tunnel before and after the tested heat exchange. The transducers of the analogue outlets
were: transducers of refrigerant pressure, static pressure and differential pressure of air, air mass flow rate sensor
and air relative humidity transducer.
The temperatures of the refrigerant were measured by means of Pt100 transducers. To measure air temperature at the
channel section before and after the tested exchanger, K-type thermocouples of 400 mm and 600 mm lengths were
applied. The temperature measuring mesh was made of 0.5 mm wire. The thermocouples tips were placed at the
places at which the mesh wires were crossed. The temperature meshes were placed at 0.3 m before and after the
tested heat exchanger.
Pressure in the refrigeration system was measured using the transducers of the analogue outlets. Apart from the
above-mentioned sensors, the mass flow rate of refrigerant were measured. The measurement systems are controlled
by an application developed in LabView environment. The application serves as visualization of the recorded
measurement data and the state of the system protections. It also allows to preliminary calculate the needs of control
of the refrigeration system and the wind tunnel.
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Before the start of the test of heat exchanger the measurement channels of the system were calibrated. The pressure
measurement channels were calibrated with the comparative method using a pressure transducer of the accuracy of
0.075% of the measurement range and a pneumatic pump. Calibration of the temperature sensors was carried out by
means of the comparative method with the use of the temperature sensor rated at four points in the range from -30°C
to +250°C and the ultrathermostat of the temperature stability of 0.01 K and accuracy of 0.02 K was applied.
Refrigerant temperature sensors were calibrated within the range of -25°C to +70°C. Calibration of the
thermocouples applied in two measurement meshes was carried out in the range from -20°C to +60°C. On the basis
of the obtained results appropriate corrections were determined and then introduced to the measurement system.
Since the results of verification of the measurement accuracy of the flow meters and the transducers of air pressure
and differential pressure in the measurement of air flow rate were also provided.
During the test of the heat exchanger thermodynamic parameters were measured at the refrigerant side and at the air
side. In order to determine the mean air temperature at the section of the channel at the inlet and outlet of the heat
exchanger, the distributions of temperature were measured using calibrated thermocouples placed in the mesh of 5 ×
5 test points. Each test point was placed in the middle of the element of field (0.2 × 0.2 m). The preliminary
measurements showed that the determined values of mean temperature in the middle of each point of the sections
where the thermocouples were installed involve different measuring errors. As a result, the mean temperatures at the
channel section at the inlet and outlet side were determined as a weighted mean taking into consideration the errors
of the direct measurements of mean temperatures at each point of the section.

3. INVESTIGATIONS OF MINI-CHANNEL CONDENSER
The heat flux transferred to the cooling air can be determined on the basis of the mass flux and increase of humid air
specific enthalpy. Then in order to calculate the increase of humid air enthalpy, it is expressed as the specific heat of
humid air cp,pw and the difference of air temperatures ΔT. Hence, the following formula was used to determine the
heat flux taken by air flowing around the condenser:
Qpw  mpwc p, pwT ,

(1)

where: mpw - humid air mass flow rate; cp,pw - humid air specific heat at constant pressure; T - temperature increase.
The specific heat of humid air cp,pw mixture is calculated as the mean value of the specific heat of its components
(dry air and water vapour). It is worth to note that the proposed approach reduces the error of measurement since
mass flow rate of cooling air was measured directly. The heat flux discharged from condensing refrigerant follows
the formula:
Qc  mc h ,

(2)

where mc - refrigerant mass flow rate; h – refrigerant enthalpy change. Enthalpy values were determined on the
base of the measured temperature and pressure of refrigerant. In the case of the tested condenser the refrigerant at
the inlet is superheated vapour, and at the outlet is subcooled liquid. Enthalpy of propane (R290) was determined for
the purpose of this work as the function of temperature and pressure using data from NIST, Lemmon et al. (2013).
Knowledge of the mean film heat transfer coefficient is very important at the stage of the design of the heat
exchanger. Basing on the mean values it is possible to predict the best heat exchanger configuration and the
optimum surface of heat transfer area. It should be taken into account that the local heat transfer coefficient changes
significantly along refrigerant flow path due to the change of two-phase flow pattern and the related change of the
mechanisms of heat transfer, Kandlikar et al. (1999).
Mean film heat transfer coefficients for both sides of the wall of the heat exchanger may be determined by the direct
approach, i.e. measurement of wall temperature, fluid temperature, and heat flux. In the case of the mini-channel
heat exchangers the measurement of the wall temperature is exceptionally difficult. The another way of the
measurement of the mean film heat transfer coefficient which does not involve the measurement of the temperature
inside the heat exchanger is the Wilson plot method. Currently, modified forms of the Wilson plot technique were
applied, Briggs and Young (1969), Butrymowicz (2013).
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The presented measurements of the mean film heat transfer coefficients for the air side in the tested mini-channel
condenser used the indirect Wilson plot technique, Butrymowicz et al. (2015). The tests were carried out for various
velocities of air flow through the tested condenser for the fixed refrigerant mass flow rate. It was assumed in the
applied Wilson plot method that heat transfer coefficient for the air flow side is described with the following DittusBoelter equation:
Nuo  Co Reo0.80 Pro0.40
(3)
where: Co – constant; Reo - Reynolds number; Pro – Prandtl number.
The experiments gave the following constant value for the tested heat exchanger: Co = 0.1062. In this case mean
film heat transfer coefficient is referred to the extended surface area for the air side. It should be mentioned that the
relatively very high level of mean film heat transfer coefficient for the cooling air side results from the specific
geometry of the louver fins which causes considerable intensification of heat transfer.

Figure 4. The overall heat transfer coefficient vs. refrigerant mass flux density
for various liquid subcooling DT at the outlet .
Knowledge of mean heat transfer coefficient for the cooling air side makes it possible to determine the mean film
heat transfer coefficient for the refrigerant condensation side by means of dividing the overall heat transfer
resistance into the component resistances. The overall resistance of heat transfer can be determined on the basis of
the measurement of heat flux, air temperature at the inlet and at the outlet of the tested heat exchanger, and
saturation temperature of condensation. The relationship concerning this resistance is:
1 Ao Tm

,
k
Q

(4)

where: k – overall heat transfer coefficient; Q - heat flux; Tm – mean temperature difference; Ao- heat transfer
surface area. It must be noted that the local film heat transfer coefficient for refrigerant condensation may not be
treated as a constant quantity so that it may depend on the flow structure and may significantly change along the
flow, especially in the phase change region.
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Figure 5. Condensation side film heat transfer coefficient vs. refrigerant mass flux density
for various liquid subcooling DT at the outlet.

Figure 6. Film heat transfer coefficient vs. heat flux density
for various liquid subcooling DT at the outlet.
Thus, the mean heat transfer coefficient for the refrigerant condensation side can be determined using the equation:

i 

Awa
Awi

1
1 
  Rt 

k
C
oo 


1

(5)

where αi – mean film heat transfer coefficient, k – overall heat transfer coefficient, Awa – air side heat transfer
surface area, Awi – condensation side heat transfer surface area, Co - constant, Rt – conduction heat transfer resistance
of the wall material of the heat exchanger. Therefore, taking into account eq. (3) we have:
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o 

Dh



Reo0.80 Pro0.40 ,

(6)

where: λ - thermal conductivity of air, Dh - hydraulic diameter, Reo - Reynolds number, Pro – Prandtl number.
The results obtained for the mini-channel condenser are presented in Fig.4 to Fig 6. Along with the increase of
refrigerant mass flux at a constant cooling air flow rate the overall heat transfer coefficient and mean film heat
transfer coefficient increased. Along with the increase of the heat flux density, mean film heat transfer coefficient
was also increased. Along with the increase of subcooling of the liquid refrigerant (DT) at the condenser outlet, the
mean film heat transfer coefficient and the overall heat transfer coefficient increased.
It should be taken into account that higher subcooling levels were obtained for lower densities of refrigerant mass
flow rate. In general significantly lower liquid subcooling of refrigerant at the outlet of the condenser are achieved.
However, in some cases significantly larger liquid subcooling are required, e.g. for the systems where two-phase
injectors are applied instead of the mechanical liquid pumps in ejection refrigeration systems, Smierciew et al.
(2015). In such cases there is lack of the appropriate data for the selection of the heat exchanger which was
additional motivation of the present investigations.
In the tested mini-channel condenser the pressure drop caused by flow resistances is intensified with the increase of
refrigerant mass flux, which is presented in Fig. 7. On the basis of Paliwoda (1996) approach based on the modified
Müller-Steinhagen correlation, the pressure drop in the two-phase flow can be expressed in the following way:

p  pVO  ,

(7)

where: Δp - pressure drop of two phase flow; ΔpVO - pressure drop of vapour phase flow only.

Figure 7. Pressure drop of condensing refrigerant vs. mass flux density.
In eq. (7) ΔpVO denotes pressure drop in the flow of vapour of the mass flux equal to the two-phase flow, and β is the
two-phase multiplier equals to, Zalewski (1992):

  C f 1    .

(8)

In the above formula, Cf is the resistance coefficient, and  is the ratio of the resistances of the one-phase liquid flow
to vapour flow only resistance. In the analysed mini-channel condenser, laminar flow of the liquid phase and
turbulent flow of vapour phase occurs, therefore:



64
   
0.75
,
GDh 

0.25
0.3164    

16th International Refrigeration and Air Conditioning Conference at Purdue, July 11-14, 2016

(9)

2672, Page 8
where µ’ - liquid dynamic viscosity, µ” - vapour dynamic viscosity, ’ - liquid density, ” - vapour density; G –
mass flux density.

Figure 8. Flow resistance coefficient of two phase flow vs. Reynolds number for vapour phase.
On the basis of the obtained results, the flow resistance coefficient Cf was obtained, Butrymowicz et al. (2015),
presented in Fig. 8. These values can be described with the following correlation:
C f  1.858  6.154 105 ReVO .

(10)

where Revo is Reynolds number for vapour only flow.

4. INVESTIGATIONS OF MINI-CHANNEL EVAPORATOR
Measurements of the mean heat transfer coefficient for the investigated evaporator for evaporation side were carried
out by means of separation of the thermal resistances approach, see eq. (5). Vapor superheating at the evaporator
outlet and the mass flow rate of the refrigerant (propane) were varied in these investigations. Average overall heat
transfer coefficient k is shown in Fig. 9. As it can be seen, higher heat transfer coefficients were obtained for the
higher mass flux density which could be expected. Note that mean overall heat transfer coefficient is based on the
developed area of the air side.

Figure 9. Heat transfer coefficient vs. mass flux density
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On the basis of the overall heat transfer coefficient by means of method of separation of thermal resistances an
average for the entire heat exchanger coefficients of heat transfer for the refrigerant evaporation side were obtained,
see Fig. 10. It should be noted that these results also covered the superheated vapour area.

Figure 10. Heat transfer coefficient vs. mass flux density
The highest mean heat transfer coefficients were obtained for the highest heat flux density. The relatively low mean
heat transfer coefficients might be explained by the fact that these are averaged quantities obtained for the entire
heat exchanger space including the superheating vapour zone. Heat transfer in these regions is significantly lower in
comparison with evaporation zone. Therefore in the case of particularly high superheating the single-phase forced
convection for the superheated vapour dominates in heat transfer mechanism. This effect in turn results in relatively
low mean heat transfer coefficients that were obtained in the reported tests.
On the basis of the obtained results concerning pressure drop, the similar analysis was carried out as in the case of
the condenser, Butrymowicz et al. (2015). The flow resistance coefficient Cf was obtained for the operation of the
tested heat exchanger as an evaporator which can be described with the following correlation:
C f  3.925  4.120 105 ReVO .

(11)

where Revo is Reynolds number for vapour only flow.

5. CONCLUSIONS
The paper describes the test stand designed for comprehensive tests of mini-channel heat exchangers using propane
as a working fluid. The testing stand enables the epxeriments with application of the mini-channel heat exchanger as
air cooled condenser and evaporators (air coolers). It should be mentioned that so far such heat exchangers have not
been commonly applied in stationary refrigeration engineering so that there is a lack of the appropriate experimental
data required for the heat exchanger selection. Moreover, the reported measurements were carried out for propane as
a working fluid. There is significant lack of the knowledge concerning mean heat transfer coefficient for this kind of
refrigerant which additionally was motivation for the reported investigations.
The basic objective of the study was to recognize the thermal and flow parameters of the mini-channel heat
exchangers for propane within wide rand of operation parameters including parameters specific for ejection
refrigeration systems.
The study covered the measurements of mean heat transfer coefficients with the use of the indirect combined
approach. The investigations results confirmed the increase of the mean heat transfer coefficient with the increase of
refrigerant mass flow rate for the tested mini-channel condenser and evaporator. It should be also taken into account
that the heat transfer coefficient was averaged and refers to the whole operating conditions from a zone of one-
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phase cooling of superheated vapour. The mean coefficient of two-phase flow resistance were analysed and the
dimensionless correlation concerning this coefficient was proposed for the tested mini-channel condenser and
evaporator.
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